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Abstract 
Environmental pollution by heavy metal ions has received worldwide attention due to their long-term toxicity, non-biodegradability 
and accumulation in living organisms. Mesoporous calcium-silicate material (MCSM), a cost-effective sorbent synthesized from 
the desilication liquor of coal fly ash, has been tested its potential for the removal of Cd(II), Cr(III), Ni(II) and Pb(II) from acidic 
solutions. The effect of initial concentration, m/V ratios, solution pH and ionic strength on the sorption was investigated, and the 
performance of the material on the removal of heavy metals from simulated wastewater was evaluated. At a m/V ratio of 2 g L-1, 
the maximum sorption capacity of MCSM for metals follows the order: Cd(II)≈Ni(II) (5.52 mmol g-1) > Cr(III) (2.88 mmol g-1) > 
Pb(II) (2.17 mmol g-1). However, the capacity for Cr(III) significantly decreased with comparatively higher metal concentration 
due to the strong hydration of Cr(III) which destroyed the crystalline phase of material. The initial concentration had a limited 
positive effect on the sorption, and the removal efficiency of metals only maintained at a relatively higher level with m/V ratios of 
up to 2 – 5 g L-1. At a low m/V ratio (0.75 g L-1), sorption was significantly influenced by solution pH and competition cations 
under strongly acidic conditions (pHinitial= 2), and the adverse effect disappeared when solution pHinitial ≥3. At an m/V ratio of 5 g 
L-1, the removal efficiency of metals maintained in the range of 96.2 – 100.0% varied with different heavy metal ions. Considerable 
uptake of Zn(II), Mn(II), Fe(III) and Cu(III) by MCSM was also observed in the simulated wastewater, and the 8 metal ions (each 
0.001 M) were efficiently removed and the remaining metal concentration < 0.1 mg L-1 (except remaining Ni(II) concentration < 
1.0 mg L-1 ) at an m/V ratio of 20 g L-1. The mechanism responsible for the sorption included surface complexation, ion exchange, 
and probably precipitation at a high m/V ratio (20 g L-1). Ion exchange with Ca(II) in MCSM occurred when m/V ratios ≥ 2 g L-
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1(42.1 – 89.6% for m/V = 2 – 5 g L-1), whereas surface complexation would probably occur when m/V ratios less than 1 g L-1 due 
to its structural damage by extensive dissolution to form crosslinked structure which resembles vitreous silica. The results suggest 
that MCSM has the potential for use as an effective and low-cost sorbent for removing hazardous metal ions from wastewater. 
Besides, MCSM is suitable for use as a substitute of cement and disposed by inexpensive solidification/stabilization technique after 
being used as a sorbent. Such a process is helpful for the simultaneous realization of the reutilization of coal fly ash and the removal 
of toxic metals from wastewater. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Tsinghua University/ Basel Convention Regional Centre for Asia and the Pacific. 
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1. Introduction 
Environmental pollution by heavy metal ions has received worldwide attention due to their long-term toxicity, non-
biodegradability and accumulation in living organisms [1,2], for example, acid mine drainage water derived from mine 
waste rock piles, pit mining works, overburden and flotation reactive tailing resulted in severe heavy metal 
contamination (Fe(III), Mn(II), Pb(II), Cu(II) and Zn(II)) of water as well as soil in China even all over the world [3,4]. 
Consequently, the efficient removal of heavy metals from industrial waste solution has become an extremely necessary 
issue before it being discharged into the environment [5,6]. Adsorption, due to its effectiveness and low-cost, has become 
one of the most popular alternative techniques for the removal of heavy metals from wastewater [1,3]. In particular, 
natural materials that are available in large quantities or certain waste products from industrial or agricultural activities 
have been intensively investigated their potential as inexpensive sorbents for the removal of heavy metals, such as bio-
wastes [7,8], metallurgical solid wastes (red mud, fly ash etc.) [9,10], clay minerals [11]. However, the sorption capacity of 
these low-cost sorbents for heavy metals are low. Besides, the solution pH was found a key parameter influencing the 
overall adsorption process, and the removal of heavy metals was always not satisfying when solution pH is strongly 
acidic (pH ≤ 3). Hence, cost-effective, highly efficient sorbents for toxic metal removal that can be used over a wide 
pH range would be highly desirable. 
Coal fly ash (CFA) has the potential for being used as a sorbent, nevertheless, the performance of raw and 
chemically treated fly ash for heavy metal removal vary greatly with chemical composition [12]. Under this situation, 
researchers focused on the preparation of value-added sorbent materials (e.g., tobermorite, zeolitic compounds, 
gehlenite, and anorthite) from CFA [13-16]. However, the efforts reported previously to prepare value-added sorbent 
materials from original CFA caused a waste of aluminum resources, especially from high-alumina CFA. In our 
laboratory, a mesoporous calcium silicate material (MCSM) was successfully synthesized from the desilication liquor 
of high-alumina CFA, and it was found to be an efficient sorbent for the removal of cobalt and radionuclides from 
waste solution [17]. The production of value-added MCSM provides an effective and novel route to realize the complete 
reutilization of CFA via reutilization of silicon and the recovery of alumina resource, and it makes great significance 
for the development of a sustainable society and the surrounding environment.  
The main objective of this study was to recognize the adsorptive properties of MCSM on heavy metal ions, 
especially Cd(II), Cr(III), Ni(II) and Pb(II). Batch sorption experiments were designed to determine the sorption 
capacity of MCSM for the concerned heavy metals at room temperature, to investigate the effect of initial metal 
concentration, sorbent dosage (m/V ratios), initial pH and ionic strength on the sorption, to explore the sorption 
mechanism, and to validate the extensive application potential of MCSM to the treatment of wastewater containing 
heavy metal ions. 
2. Materials and methods 
2.1. Sorbent materials and chemicals 
The MCSM materials were obtained from an alumina recovery (from CFA) plant operated by Datang International 
Power Generation Co., Ltd in Hohhot cityˈInner MongoliaˈChina, and its preparation methods was described in 
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detail in our previous paper [17]. The materials were washed with distilled water, oven dried at 105 °C for 24 h, ground 
and passed through a 1 mm sieve and then stored in a plastic container as the sorbent in the following experiments. 
Standard stock solutions of Pb(II), Cr(III), Ni(II) and Cd(II) (1000 mg L-1), which were prepared from their 
respective nitrate salts (Beijing Modern Oriental Fine Chemicals Corporation, China), were used to prepare 
appropriate concentrations of each heavy metal for the adsorption studies. The exact concentration of Pb(II), Cr(III), 
Ni(II) and Cd(II) in the original solution and filtrate after sorption were measured by ICP-AES (Thermo IRIS, USA). 
The pH of the working solution was adjusted to 2.0 using 0.1 M NaOH or 1.0 M HClO4. Each sorption was performed 
in duplicate. 
2.2. Batch sorption experiment 
The effect of experimental parameters such as the amount of sorbent(m/V, 0.75 g L-1, 2 g L-1 and 5 g L-1), initial 
concentration of heavy metals(C[M]initial, 25 – 500 mg L-1), initial pH (pHinitial, 2 – 6.5) and ionic strength (0.1 M and 
1.0 M NaClO4 as background solution), on the sorption behaviour of the MCSM for heavy metals were studied in a 
batch mode at room temperature for a specific contact time (t, 5 – 300 min).  
After achieving the equilibrium of sorption, the slurry was centrifuged and filtered through a 0.45 μm filter 
membrane, and the cobalt, calcium, magnesium, sodium and potassium concentrations of the supernatant were 
determined by ICP-AES or ICP-MS (Thermo IRIS, USA). The amount of metal adsorbed was calculated from the 
difference between the initial and final aqueous concentrations of the metal. Each experiment was performed in 
duplicate. The adsorption capacity (qe) and removal efficiency (R) of heavy metals were determined according to Eq. 
1 and Eq. 2, respectively.  
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 Where C0 and Ce are the targeted metal concentrations (mg L-1) in solution at the beginning and after sorption 
equilibrium, respectively; V is the solution volume (L); m is the adsorbent mass (g). 
2.3. Sorption of heavy metals from simulated wastewater 
Actual wastewater normally contains more than one cation, for example, the acid mine drainage contains Fe(III), 
Cu(II), Mn(II), Zn(II), Pb(II), Cr(III) and so on. Tests were performed to investigate the influence of the presence of 
other heavy metal cations on the adsorption capacity of MCSM for each of the cations under investigation in this 
study. The multi-component solution containing equal concentrations (0.001 M) of each cation (Zn(II), Mn(II), Cd(II), 
Cr(III), Ni(II), Fe(III), Pb(II) and Cu(II)) was made from their respective nitrate salts and contacted with MCSM for 
300 min. During the sorption (0, 5, 10, 15, 45, 60, 120, 200, 240, 300 min), 5-mL aliquots of the suspensions were 
periodically withdrawn and was centrifuged at 10, 000 rpm for 10 min (4 °C). The supernatant was filtered through a 
0.45 μm membrane, and the concentration of metal ions in the filtrate was determined using ICP-AES or ICP-MS 
(Thermo IRIS, USA). The measurements were performed in duplicate.  
2.4. Characterization methods 
The XRD patterns were measured on a D8 Advance X-ray Diffractometer (Bruker, Germany) system with CuKα 
radiation. Scans were run from 5° to 90° (2θ), in increments of 0.02°, operating at 40 KV and 40 mA.  
The ion exchange property of MCSM was determined according to the following procedure: 1 g of MCSM was 
added to 20 mL distilled water, and the suspension was magnetically stirred for 20 min. After that, the mixture was 
centrifuged at 10,000 rpm for 10 min (4 °C), and the supernatant was withdrawn and passed through a 0.45 μm filter. 
The calcium concentration in the filtrate was measured by ICP-AES ((Thermo IRIS, USA). The measurements were 
performed in triplicate. The water leaching of MCSM solid repeated 15 times.  
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3. Results and discussion 
3.1. Sorption capacity of MCSM 
The MCSM has great potential for use as an effective and low-cost sorbent for removing Co(II) and hazardous 
radionuclides from wastewater due to its unique characteristics as reported in our previous paper [17], such as its very 
fine, twisted and/or crinkled foil shape, its large specific surface area (733 m2 g-1) and the uniform pore size (average 
pore size 9.00 nm), and the excellent acid-base buffering capacity in the pH range of 2 – 10 due to its reaction with 
H+ or OH- in solution. In this study, Cd(II), Cr(III), Ni(II) and Pb(II) in strongly acidic solutions was also efficiently 
removed by MCSM at an m/V ratio of 2 g L-1 (Fig. 1), and the maximum sorption capacity for metals follows the 
order: Cd(II)≈Ni(II) (5.52 mmol g-1) > Cr(III) (3.62 mmol g-1) > Pb(II) (2.17 mmol g-1).  The adsorption capacity of 
MCSM for the four concerned heavy metal ions was several hundred times that of CFA, clays, dead biomass and the 
tannin-rich materials (e.g., activated carbon, bark, sawdust), and was even equal to that of chitosan when they were 
used at the optimal pH (weakly acidic or nearly neutral) [9,18,19]. Such adsorption capacity was also higher than that of 
nanomaterials and surface- modified nanomaterials (e.g., silica nanotubes, carbon nanotubes) as reported previously 
[20-22]. The capacity for Cr(III) significantly decreased with comparatively higher metal concentration (> 400 mg L-1) 




Fig. 1. The sorption capacity of MCSM for Ni(II), Cd(II), Cr(III) and Pb(II). (pHinitial=2, m/V= 2 g L-1, T = 25ć, t = 300 min). 
3.2. Effect of initial concentration and m/V ratios 
As shown from Fig. 2, the initial metal concentration had a positive effect on the sorption of metals to the MCSM 
except Cr(III). However, this promotional effect was limited and the removal efficiency of metals was reduced steeply 
when a relatively lower sorbent dosage (m/V= 0.75 g L-1) was used. Increasing the m/V ratios up to 5 g L-1, the 
sorption capacity of MCSM for metals increased remarkably and the removal efficiency of metals could maintain at 
a comparatively higher level even when the initial concentration of metals being several hundred milligram per litre. 
These findings suggest that the number of available sites on the MCSM is an important factor in the removal of metals, 
and the active sites for the sorption of different metals is distinctive.  In the case of Cr(III) sorption, the sorption 
capacity steeply decreased when the initial concentration was more than 7.5 mmol L-1 and 24.0 mmol L-1 with an m/V 
ratio of 2.0 g L-1 and 5.0 g L-1, respectively. As pointed out in section 3.1, the intense hydration of Cr(III) led to the 
severe damage to the structure of MCSM. Under this situation, increasing the MCSM dosage could improve the 
adverse effects resulted from the partial dissolution and internal structure damage of the material.  





Fig. 2. The effect of initial concentration and m/V ratios on the sorption of (a) Ni(II), (b) Cd(II), (c) Cr(III) and (d) Pb(II) by MCSM. (pHinitial=2, 
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3.3. Effect of solution initial pH and ionic strength 
As an acid-base buffering material, the addition of MCSM is supposed to have influence both on the pH and ionic 
strength of the solution. Moreover, the investigation of the influence of pH and ionic strength is also helpful for 
exploring the sorption mechanism. Therefore, the initial pH of solutions and ionic strength were taken into account 
together varied with m/V ratios.  
In general, sorption was only significantly influenced by solution pH and ionic strength at a low m/V ratio (0.75 g 
L-1) when solution pH < 3 (Fig. 3). Increasing the solution pH from pH 2 to 3 resulted in a considerable increase in 
the removal efficiency of MCSM for the four studied heavy metals (increased by 15.5-18.0% for Cd(II), 34.0-45.4% 
for Cr(III), 22.6-60.4% for Ni(II) and 3.7-7.8% for Pb(II)). The remarkable decrease of sorption capacity of MCSM 
for metal ions at low pH was probably ascribed to the steric hindrance from largely existed H+ around MCSM surface, 
which significantly suppressed the adsorption [23]. After that, keeping increasing solution pH only led to a marginal 
increase of metal removal efficiency. Nevertheless, the effect of ionic strength on the sorption varied with different 
heavy metal ions. In general, the existence of NaClO4 promoted the adsorption of Cd(II) and Pb(II) at a certain 
extent(Fig. 3b and 3d), whereas the removal of Ni(II) and Cr(III) showed little change. Basically, the ionic strength 
could change the zeta potential of sorbents, reduce the radius of hydrated metal ions, and compete the active sites with 
metal ions [23,24]. In our investigation, MCSM kept negative potential (pHPZC=1.6), which was helpful for the adsorption 
of positive metal ions. Hence, the first effect could be neglected. For Cd(II) and Pb(II), it seemed that excessive 
NaClO4 primarily decreased their hydrated radius and enhanced the sorption. For Ni(II) and Cr(III), the ionic strength 
has little effect on the sorption, so inner-sphere complexation is supposed to correspond for the sorption. At an m/V 
ratio of 5 g L-1, it seemed that the adverse effect of strong acidity and competition cations have been improved, and 
the removal efficiency of heavy metals could maintain at a high level (> 99%). It makes great significance in effective 
removal of heavy metals from actual wastewaters, since increasing the MCSM dosage (m/V ratios) represents a viable 
option to achieve high removal efficiency of heavy metals.  
 
         
         
Fig. 3. The effect of initial pH and ionic strength on the sorption of (a) Ni(II), (b) Cd(II), (c) Cr(III) and (d) Pb(II) by MCSM. black solid square 
m/V=0.75 g L-1, 0.1 M NaClO4 electrolyte; red solid circle m/V=0.75 g L-1, 1.0 M NaClO4 electrolyte; black open square  m/V=5.0 g L-1, 0.1 M 
NaClO4 electrolyte; red open circle m/V= 5.0 g L-1, 1.0 M NaClO4 electrolyte. (Cinitial=10 mM, T = 25ć, t = 300 min). 
(a) (b) 
(c) (d) 
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3.4. The mechanism responsible for sorption 
As reported previously, poorly crystalized calcium-silicate-hydrate(I) (C-S-H(I)) with d space 0.96 nm was 
identified as the effective component of MCSM and  Co(II) was adsorbed mainly by ion exchange with Ca(II) in the 
material. The water soluble calcium concentration and the solution pH are shown in Fig. 4. During the first 8 water 
leaching cycles, calcium concentration in the water was almost below the maximum concentration of Ca(II) resulted 
from the dissolution of CaSiO3 solid (6.32 mg L-1), while the 9th to 15th water leaching caused a remarkable increase 
of calcium, ranging from 11.2 mg L-1 to 25.3 mg L-1. Therefore, the MCSM has certain ion exchange properties, and 
the Ca(II) in the material would ion exchange with H+ from water.  
 
      
Fig. 4. The (a) calcium concentration and (b) pH of solution derived from MCSM leached by distilled water. (m/V= 1:20, t=20 min, T=25 ć) 
Figure 5 showed the correlation between adsorbed metals and released Ca(II) varied with sorbent dosage. It was 
worth noting that 42.1-69.0% of Ni(II), 50.3-87.2% of Cr(III) and 64.7-89.6% of Pb(II) were adsorbed by MCSM via 
ion exchange at m/V ratios of 2 - 5 g L-1, while little positive correlation was observed when the m/V ratio was 0.75 
g L-1. As discussed in our previous paper, the material would experience intense dissolution and suffer severe structural 
damage under strongly acidic conditions, and the leached layer undergoes repolymerization to form crosslinked 
structures (Si-O-Si), which resembles vitreous silica [17].  At low m/V ratios (≤ 0.75 g L-1), the proportion of silica-like 
structure was relatively high, and the complexation of heavy metal ions with protonated hydroxyl groups on the surface 
is supposed to be the primary interactions [20,25]. Therefore, hydrated heavy metal ions of Ni(II), Cd(II), Cr(III) and 
Pb(II) could be removed by MCSM via ion exchange and surface complexation. 
         
(b) (a) 
(a) (b) 
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Fig. 5. The correlation of released amount of Ca(II) from MCSM and the adsorbed amount of  (a) Ni(II), (b) Cd(II), (c) Cr(III) and (d) Pb(II). 
Solid square m/V= 0.75 g L-1; solid circle m/V= 2 g L-1; solid triangle m/V=5 g L-1. 
3.5. Removal of heavy metal ions from simulated wastewaters 
To further validate the extensive application of MCSM on adsorption, a straightward investigation was also carried 
out to analyze the adsorption performances of Fe(III), Mn(II), Zn(II), and Cu(II) onto MCSM. As shown in Fig. 6, at 
a m/V ratio of 2 g L-1 and Cinitial= 50 mg L-1, more than 99.9% of Fe(III) and Cu(II), 91.7% of Zn(II) and 90.7% of 
Mn(II) was adsorbed within 240 min. With an increase of initial metal concentration, the removal efficiency steeply 
decreased due to limited active sites accessible for sorption. However, such similar favorable results indicate that the 
MCSM is also an efficient sorbent for the removal of Fe(III), Mn(II), Zn(II), and Cu(II) from the water solution.  
 
Fig. 6. The removal efficiency of Fe(III), Mn(II), Zn(II) and Cu(II) by MCSM varied with initial metal concentration. (m/V=2.0 g L-1, pHinitial=2, 
T = 25ć, t = 240 min). 
Fig. 7 showed the simultaneous removal of four concerned metal ions with the coexisted Cu(II), Fe(III), Mn(II) 
and Zn(II) from solution by MCSM at pH 2. Results indicated that the eight investigated metal ions were almost 
completely removed from the solution (> 98.3%) at a m/V ratio of 20 g L-1, and the remaining metal concentration < 
0.1 mg L-1, which are within the legal limit for drinking water (except for Ni(II), remaining concentration < 1.0 mg L-
1) [26]. While the removal efficiency of Mn(II), Ni(II), Cd(II), and Zn(II) gradually increased with the increase in contact 
time up to 300 min, the uptake of Cr(III), Cu(II), Fe(III), and Pb(II) by MCSM was extremely rapid and more than 
99.8% of the four metals were adsorbed within the first 5 min. If each metal concentration increased up to 0.01 M, the 
uptake kinetics for the heavy metals was in the order Cr(III) ≈Fe(III) >Cu(II) >Pb(II) >> Zn(II)> Cd(II)> Ni(II)> 
Mn(II) (data not shown). The results suggest that MCSM offers a low-cost and effective alternative for wastewater 
treatment by adsorption and/or ion-exchange technique. As for the removal mechanism, since the equilibrium pH of 
the solution was 5.24 after sorption, only would occur precipitation of Cr(III) and Fe(III) in this case. Therefore, the 
other six heavy metals were most probably removed by ion exchange and/or surface complexation. Since the effective 
component of MCSM is C-S-H(I), it is suitable for use as a substitute of cement and disposed by inexpensive 
(c) (d) 
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solidification/stabilization technique after being used as a sorbent. Such a process is helpful for the simultaneous 
realization of the reutilization of CFA and the removal of toxic metals from wastewater. The removal of heavy metals 
from actual industrial wastewaters will be the forthcoming subject and it will be performed in our laboratory in the 
near future. 
 
Fig. 7. The uptake kinetics of MCSM for coexisted heavy metals (each metal concentration 0.001 M, pHinitial=2, 0.1 M NaClO4 eletrolyte, m/V= 
20 g L-1, T=25ć, t=300 min).         
4. Conclusion 
In this study, the potential of MCSM for the removal of heavy metal ions from waste solution were investigated by 
batch sorption experiments. In particular, the sorption capacity of MCSM on Cd(II), Cr(III), Ni(II) and Pb(II) were 
determined, the effect of initial metal concentration, sorbent dosage, solution pH and ionic strength on the performance 
of the MCSM for metal removal were investigated, and the sorption mechanism was revealed. Furthermore, the 
removal of 8 typical heavy metals from a simulated wastewater was also evaluated.   
As for Cd(II), Cr(III), Ni(II) and Pb(II), the maximum sorption capacity of MCSM for metals at a m/V ratio of 2 g 
L-1 follows the order: Cd(II)≈Ni(II) (5.52 mmol g-1) > Cr(III) (2.88 mmol g-1) > Pb(II) (2.17 mmol g-1). However, the 
capacity for Cr(III) steeply decreased with metal concentration ≥ 400 mg L-1 due to the strong hydration of Cr(III) 
which destroyed the crystalline phase of material. The initial concentration had a limited positive effect on the sorption, 
and the removal efficiency of metals could maintain at a relatively higher level with m/V ratios of up to 2 – 5 g L-1. 
At a low m/V ratio (0.75 g L-1), sorption was significantly influenced by solution pH and ionic strength under strongly 
acidic conditions (pHinitial= 2), and the adverse effect disappeared when solution pHinitial ≥3. At a m/V ratio of 5 g L-1, 
the removal efficiency of metals maintained in the range of 96.2 – 100.0% varied with different heavy metal ions. The 
adsorption mechanism of Cd(II), Cr(III), Ni(II) and Pb(II)was confirmed to be dominated by ion exchange with Ca(II) 
in MCSM at a m/V ratio of more than 2 g L-1, whereas the complexation with Ca-OH and Si-OH on the surface most 
likely occurred at a m/V ratio of not more than 0.75 g L-1 due to its structural damage by extensive dissolution to form 
crosslinked structure which resembles vitreous silica. 
Considerable uptake of Zn(II), Mn(II), Fe(III) and Cu(III) by MCSM was also observed, more than 99.9% of Fe(III) 
and Cu(II), 91.7% of Zn(II) and 90.7% of Mn(II) could be adsorbed at a m/V ratio of 2 g L-1 and Cinitial= 50 mg L-1. 
Eight typical metal ions (each 0.001 M) were efficiently removed from the simulated wastewater, and the remaining 
metal concentration < 0.1 mg L-1  at a m/V ratio of 20 g L-1, which are within the legal limit for drinking water (except 
for Ni(II), remaining concentration < 1.0 mg L-1). 
The results suggested that MCSM has the potential for use as an effective and low-cost sorbent for removing 
hazardous metal ions from wastewater. Besides, MCSM is suitable for use as a substitute of cement and disposed by 
inexpensive solidification/stabilization technique after being used as a sorbent. Such a process is helpful for the 
simultaneous realization of the reutilization of coal fly ash and the removal of toxic metals from wastewater. The 
removal of heavy metals from actual industrial wastewaters will be the forthcoming subject and will be performed in 
our laboratory in the near future.  
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Appendix A. Supplementary material 
Fig. S1 XRD pattern of original MCSM and MCSM after Cr(III) adsorption. (C[Cr(III)]initial=1000 mg L-1, 
pHinitial=2, m/V= 2 g L-1, T = 25ć, t = 300 min). 
Fig. S2 The uptake kinetics of MCSM for coexisted heavy metals (each metal concentration 0.01 M, pHinitial=2, 0.1 
M NaClO4 eletrolyte, m/V= 20 g L-1, T=25ć, t=300 min).  
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